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(57) ABSTRACT

An 1maging device may include an active silicon photomul-
tiplier and associated temperature and non-uniformity com-
pensation circuitry configured to mitigate temperature and
process variations on the device. The compensation circuitry
may include a reference silicon photomultiplier, a constant
current source that supplies a fixed current into the reference
silicon photomultiplier, a voltage sensor for detecting a
voltage output from the reference silicon photomultiplier, a
data converter for converting the voltage output from the
voltage sensor, and a voltage controller for generating an
adjustable voltage for biasing the active silicon photomul-
tiplier depending on the signal output from the data con-
verter. The active silicon photomultiplier may include mul-
tiple 1lluminated microcells covered by microlenses,
whereas the reference silicon photomultiplier may include
multiple dark microcells distributed among the i1lluminated
microcells to help account for non-uniformities 1n microcell
performance across the imaging device.
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TEMPERATURE AND NON-UNIFORMITY
COMPENSATION CIRCUITRY FOR SILICON
PHOTOMULIIPLIER

BACKGROUND

This relates generally to imaging systems and, more
particularly, to 1imaging systems that include single-photon
avalanche diodes (SPADs) for single photon detection.

Modemn electronic devices such as cellular telephones,
cameras, and computers often use digital 1image sensors.
Image sensors (sometimes referred to as 1magers) may be
formed from a two-dimensional array of image sensing
pixels. Each pixel typically includes a photosensitive ele-
ment (such as a photodiode) that recerves incident photons
(light) and converts the photons 1nto electrical signals. Each
pixel may also include a microlens that overlaps and focuses
light onto the photosensitive element.

Conventional 1mage sensors may sufler from limited
functionality 1n a variety ol ways. For example, some
conventional image sensors may not be able to determine the
distance from the 1mage sensor to the objects that are being
imaged. Conventional 1mage sensors may also have lower
than desired 1mage quality and resolution.

To 1mprove sensitivity to incident light, single-photon
avalanche diodes (SPADs) may sometimes be used 1n imag-
ing systems. A parallel array of SPADs (each having a
quench resistor 1n series) 1s sometimes referred to as a
silicon photomultiplier (S1PM). A silicon photomultiplier 1s
typically operated in Geiger mode, which entails application
ol a reverse-bias voltage that 1s well above the breakdown
voltage of each SPAD. The breakdown voltage 1s thus a key
parameter 1n the operation of an S1iPM. The breakdown
voltage, however, may be dependent on silicon manufactur-
Ing processing variations and also on the operating tempera-
ture. Keeping the reverse-bias voltage constant while the
breakdown voltage varies (due to process variations and/or
temperature variations) may lead to non-uniformity issues
across the S1PM and temperature dependent performance
variation.

It 1s within this context that the embodiments described
herein arise.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 1s a circuit diagram showing an illustrative single-
photon avalanche diode pixel in accordance with an embodi-
ment.

FIG. 2 1s a diagram of an 1llustrative silicon photomulti-
plier 1n accordance with an embodiment.

FIG. 3 1s a schematic diagram of an illustrative silicon
photomultiplier with a fast output terminal 1n accordance
with an embodiment.

FIG. 4 1s a diagram of an 1llustrative a silicon photomul-
tiplier comprising an array ol microcells.

FIG. 5 1s a diagram 1illustrating breakdown voltage varia-
tion across a process lot.

FIG. 6 1s a diagram illustrating how breakdown voltage
can vary as a function of temperature.

FIG. 7 1s a diagram of an illustrative semiconductor
device that includes an active silicon photomultiplier and
associated temperature and non-uniformity compensation
circuitry 1n accordance with an embodiment.

FIG. 8 1s a diagram of illustrative temperature and non-
uniformity compensation circuitry for a silicon photomulti-
plier 1n accordance with an embodiment.
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FIG. 9 1s a cross-sectional side view of a semiconductor
device of the type shown in FIG. 7 where dark microcells are

distributed among the 1lluminated microcells in accordance
with an embodiment.

FIG. 10 1s a diagram showing how providing a fixed
current 1nto a reference microcell can yield different bias
voltages at different temperatures in accordance with an
embodiment.

FIG. 11 1s a diagram showing how the cathode voltage of
a reference microcell 1s similar to the cathode voltage of an
active microcell at different temperatures when diode cur-
rent 1s {ixed 1n accordance with an embodiment.

FIG. 12 1s a diagram of an 1illustrative curve that can be
used to program the way in which the temperature and
non-uniformity compensation circuitry controls the active
silicon photomultiplier 1n accordance with an embodiment.

FIG. 13 1s a diagram 1llustrating how cathode voltage for
different devices all lie along the same curve regardless of
breakdown voltage value in accordance with an embodi-
ment.

DETAILED DESCRIPTION

Embodiments of the present invention relate to imaging,
systems that include single-photon avalanche diodes
(SPADs).

Some 1maging systems include image sensors that sense
light by converting impinging photons into electrons or
holes that are integrated (collected) in pixel photodiodes
within the sensor array. After completion of an integration
cycle, collected charge 1s converted into a voltage, which 1s
supplied to the output terminals of the sensor. In comple-
mentary metal-oxide semiconductor (CMOS) 1mage sen-
sors, the charge to voltage conversion i1s accomplished
directly in the pixels themselves, and the analog pixel
voltage 1s transierred to the output terminals through various
pixel addressing and scanning schemes. The analog pixel
voltage can also be later converted on-chip to a digital
equivalent and processed i1n various ways 1n the digital
domain.

In single-photon avalanche diode (SPAD) devices (such
as the ones described 1n connection with FIGS. 1-4), on the
other hand, the photon detection principle 1s different. The
light sensing diode 1s biased above 1ts breakdown point, and
when an 1ncident photon generates an electron or hole, this
carrier 1nitiates an avalanche breakdown with additional
carriers being generated. The avalanche multiplication may
produce a current signal that can be easily detected by
readout circuitry associated with the SPAD. The avalanche
process can be stopped (or quenched) by lowering the diode
bias below 1ts breakdown point. Each SPAD may therefore
include a passive and/or active quenching circuit for halting
the avalanche.

This concept can be used 1in two ways. First, the arriving,
photons may simply be counted (e.g., in low light level
applications). Second, the SPAD pixels may be used to
measure photon time-of-flight (ToF) from a synchronized
light source to a scene object point and back to the sensor,
which can be used to obtain a 3-dimensional 1image of the
scene.

FIG. 1 1s a circuit diagram of an illustrative SPAD device
202. As shown 1n FIG. 1, SPAD device 202 includes a SPAD
204 that 1s coupled 1n series with quenching circuitry 206
between a first supply voltage terminal 210 (e.g., a ground
power supply voltage terminal) and a second supply voltage
terminal 208 (e.g., a positive power supply voltage termi-

nal). In particular, SPAD device 202 includes a SPAD 204
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having an anode terminal connected to power supply voltage
terminal 210 and a cathode terminal connected directly to
quenching circuitry 206. SPAD device 202 that includes
SPAD 204 connected 1n series with a quenching resistor 206
1s sometimes referred to collectively as a photo-triggered
unit or “microcell.” During operation of SPAD device 202,
supply voltage terminals 208 and 210 may be used to bias
SPAD 204 to a voltage that 1s higher than the breakdown
voltage (e.g., bias voltage Vbias 1s applied to terminal 208).
Breakdown voltage 1s the largest reverse voltage that can be
applied to SPAD 204 without causing an exponential
increase in the leakage current in the diode. When SPAD 204
1s reverse biased above the breakdown voltage in this
manner, absorption of a single-photon can trigger a short-
duration but relatively large avalanche current through
impact 1onization.

Quenching circuitry 206 (sometimes referred to as
quenching clement 206) may be used to lower the bias
voltage of SPAD 204 below the level of the breakdown
voltage. Lowering the bias voltage of SPAD 204 below the
breakdown voltage stops the avalanche process and corre-
sponding avalanche current. There are numerous ways to
form quenching circuitry 206. Quenching circuitry 206 may
be passive quenching circuitry or active quenching circuitry.
Passive quenching circuitry may, without external control or
monitoring, automatically quench the avalanche current
once 1nitiated. For example, FIG. 1 shows an example where
a resistor component 1s used to form quenching circuitry
206. This 1s an example of passive quenching circuitry.

This example of passive quenching circuitry 1s merely
illustrative. Active quenching circuitry may also be used 1n
SPAD device 202. Active quenching circuitry may reduce
the time 1t takes for SPAD device 202 to be reset. This may
allow SPAD device 202 to detect incident light at a faster
rate than when passive quenching circuitry 1s used, 1mprov-
ing the dynamic range of the SPAD device. Active quench-
ing circuitry may modulate the SPAD quench resistance. For
example, before a photon 1s detected, quench resistance 1s
set high and then once a photon 1s detected and the ava-
lanche 1s quenched, quench resistance 1s minimized to
reduce recovery time.

SPAD device 202 may also include readout circuitry 212.
There are numerous ways to form readout circuitry 212 to
obtain information from SPAD device 202. Readout cir-
cuitry 212 may include a pulse counting circuit that counts
arriving photons. Alternatively or in addition, readout cir-
cuitry 212 may include time-of-flight circuitry that 1s used to
measure photon time-of-tlight (ToF). The photon time-oi-
tlight information may be used to perform depth sensing. In
one example, photons may be counted by an analog counter
to form the light intensity signal as a corresponding pixel
voltage. The ToF signal may be obtained by also converting,
the time of photon flight to a voltage. The example of an
analog pulse counting circuit being included in readout
circuitry 212 1s merely illustrative. It desired, readout cir-
cuitry 212 may include digital pulse counting circuits.
Readout circuitry 212 may also include amplification cir-
cuitry 1f desired.

The example 1n FIG. 1 of readout circuitry 212 being
coupled to a node between diode 204 and quenching cir-
cuitry 206 1s merely illustrative. Readout circuitry 212 may
be coupled to terminal 208 or any desired portion of the
SPAD device. In some cases, quenching circuitry 206 may
be considered integral with readout circuitry 212.

Because SPAD devices can detect a single incident pho-
ton, the SPAD devices are eflective at imaging scenes with
low light levels. Each SPAD may detect the number of
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photons that are received within a given period of time (e.g.,
using readout circuitry that includes a counting circuit).
However, as discussed above, each time a photon 1s received
and an avalanche current 1nitiated, the SPAD device must be
quenched and reset before being ready to detect another
photon. As incident light levels increase, the reset time
becomes limiting to the dynamic range of the SPAD device
(e.g., once incident light levels exceed a given level, the
SPAD device 1s triggered immediately upon being reset).
Multiple SPAD devices may be grouped together to help
increase dynamic range. FIG. 2 1s a circuit diagram of an
illustrative group 220 of SPAD devices 202. The group or
array ol SPAD devices may sometimes be referred to as a
silicon photomultiplier (S1PM). As shown 1n FIG. 2, silicon
photomultiplier 220 may include multiple SPAD devices
that are coupled in parallel between first supply voltage
terminal 208 and second supply voltage terminal 210. FIG.
2 shows N SPAD devices 202 coupled in parallel (e.g.,
SPAD device 202-1, SPAD device 202-2, SPAD device
202-3, SPAD device 202 4, ...,SPAD device 202-N). More
than two SPAD devices, more than ten SPAD devices, more
than one hundred SPAD devices, more than one thousand
SPAD devices, etc. may be 1ncluded in a given silicon
photomultiplier 220. Each SPAD device 202 may sometimes
be referred to herein as a SPAD pixel 202. Although not
shown explicitly 1n FIG. 2, readout circuitry for the silicon
photomultiplier 220 may measure the combined output
current from all of SPAD pixels in the silicon photomulti-
plier. Configured 1n this way, the dynamic range of an
imaging system including the SPAD pixels may be
increased. Each SPAD pixel 1s not guaranteed to have an
avalanche current triggered when an incident photon 1is
received. The SPAD pixels may have an associated prob-
ability of an avalanche current being triggered when an
incident photon 1s received. There 1s a first probability of an
clectron being created when a photon reaches the diode and
then a second probability of the electron triggering an
avalanche current. The total probability of a photon trigger-
ing an avalanche current may be referred to as the SPAD’s
photon-detection efliciency (PDE). Grouping multiple
SPAD pixels together i the silicon photomultiplier there-
fore allows for a more accurate measurement of the incom-
ing icident light. For example, 1f a single SPAD pixel has
a PDE of 50% and receives one photon during a time period,
there 1s a 50% chance the photon will not be detected. With
the silicon photomultiplier 220 of FIG. 2, chances are that
two of the four SPAD pixels will detect the photon, thus
improving the provided image data for the time period.
The example of FIG. 2 in which the plurality of SPAD
pixels 202 share a common output 1n silicon photomultiplier
220 1s merely 1llustrative. In the case of an 1imaging system
including a silicon photomultiplier having a common output
for all of the SPAD pixels, the imaging system may not have
any resolution 1n 1imaging a scene (e.g., the silicon photo-
multiplier can just detect photon flux at a single point). It
may be desirable to use SPAD pixels to obtain image data
across an array to allow a higher resolution reproduction of
the 1maged scene. In cases such as these, SPAD pixels 1n a
single 1maging system may have per-pixel readout capabili-
ties. Alternatively, an array of silicon photomultipliers (each
including more than one SPAD pixel) may be included 1n the
imaging system. The outputs from each pixel or from each
silicon photomultiplier may be used to generate image data
for an 1imaged scene. The array may be capable of indepen-
dent detection (whether using a single SPAD pixel or a
plurality of SPAD pixels 1n a silicon photomultiplier) in a
line array (e.g., an array having a single row and multiple
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columns or a single column and multiple rows) or an array
having more than ten, more than one hundred, or more than
one thousand rows and/or columns.

While there are a number of possible use cases for SPAD
pixels as discussed above, the underlying technology used to
detect incident light 1s the same. All of the aforementioned
examples of devices that use SPAD pixels may collectively
be referred to as SPAD-based semiconductor devices. A
silicon photomultiplier with a plurality of SPAD pixels
having a common output may be referred to as a SPAD-
based semiconductor device. An array of SPAD pixels with
per-pixel readout capabilities may be referred to as a SPAD-
based semiconductor device. An array of silicon photomul-
tipliers with per-silicon-photomultiplier readout capabilities
may be referred to as a SPAD-based semiconductor device.

FIG. 3 illustrates a silicon photomultiplier 30. As shown
in FIG. 3, SitPM 30 has a third terminal 35 which 1s
capacitively coupled to each cathode terminal 31 1n order to
provide a fast readout of the avalanche signals from the
SPADs 33. When then SPADs 33 emits a current pulse, part
of the resulting change 1n voltage at the cathode 31 will be
coupled via the mutual capacitance into the third (“fast”)
output terminal 35. Using the third terminal 335 for readout
avoilds the compromised transient performance resulting
from the relatively large RC time constant associated with
the biasing circuit that biases the top terminal of the quench-
ing resistor.

It will be appreciated by those skilled 1n the art that silicon
photomultipliers include major bus lines 44 and minor bus
lines 45 as 1llustrated 1n FI1G. 4. The minor bus liens 45 may
connect directly to each individual microcell 25. The minor
bus lines 45 are then coupled to the major bus lines 44 which
connect to the bond pads associated with terminals 37 and
35. Typically, the minor bus lines 45 extend vertically
between the columns of microcells 235, whereas the major
bus lines 44 extend horizontally adjacent the outer row of the
microcells 25.

Since SPAD pixels operate in Geiger mode (1.e., reverse
biased above their breakdown voltage), the breakdown volt-
age 1s a key parameter that aflects the performance of the
overall silicon photomultiplier. In practice, however, the
SPAD breakdown voltage may be dependent on the silicon
manufacturing process (due to process variations ) and/or the
operating temperature. FIG. 5 1s a diagram 1illustrating
variation of breakdown voltage Vbr across a process lot. As
shown 1n the frequency distribution curve 300 of FIG. 5, the
breakdown voltage Vbr may vary as much as 2V 1n a single
manufacturing process lot. Not only can Vbr vary between
SPAD devices formed across a single water, but Vbr can also
vary as a function of operating temperature (see, e.g., FIG.
6). As shown by curve 302 in FIG. 6, breakdown voltage Vbr
1s generally higher at greater temperatures.

In general, a silicon photomultiplier 1s configured to apply
a reverse bias voltage to each SPAD device 1in the array,
where the bias voltage 1s equal to the sum of the breakdown
voltage Vbr and an over-bias voltage Vob (1.e., Vbias=Vbr+
Vob). In particular, the magnitude of the over-bias voltage
Vob should be constant 1n order to ensure performance
uniformity over all possible ranges of Vbr and operating
temperatures. Maintaining a constant Vob for an SiPM,
however, may be challenging since Vbr may vary due to
process and temperature variations.

In accordance with an embodiment, a semiconductor
device such as device 308 of FIG. 7 1s provided that is
capable of offsetting process-induced variations and/or tem-
perature variations 1 order to keep Vob constant, which
ensures performance uniformity across different devices
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over a wide range of operating temperatures. As shown 1n
FIG. 7, device may include a semiconductor substrate 310
(e.g., a p-type silicon substrate), an active silicon photomul-
tiplier 220 formed on substrate 310, and associated tempera-
ture and non-uniformity compensation circuitry 320 also
formed on substrate 310. Silicon photomultiplier 220 may
include an array of SPAD pixels 202 configured to detect
incident photons and are therefore sometimes referred to as
“1lluminated microcells™ 202.

The example of FIG. 7 in which constant current supply
324, voltage sensor 326, data converter 328, and voltage
controller 330 are also formed on substrate 310 1s merely
illustrative. If desired, only active SiPM 220 and reference
S1PM 332 need to be formed on the same substrate 310, but
the rest of the circuitry (1.e., constant current supply 324,
voltage sensor 326, data converter 328, and voltage control-
ler 330) may optionally be formed on another piece of
semiconductor substrate.

As described above in connection with FIGS. 5 and 6,
illuminated microcells 202 may exhibit a breakdown voltage
Vbr that varies from one device to another and varies over
different operating temperatures. Compensation circuitry
320 may be configured to mitigate these sources of variation
to ensure uniform SPAD performance. As shown i FIG. 7,
temperature and non-uniformity compensation circuitry 320
may include a reference photosensitive device such as
reference silicon photomultiplier 322, a current source such
as constant current supply 324, a voltage detection circuit
such as voltage sensor 326, a data converting circuit such as
data converter 328, and a voltage controlling circuit such as
voltage controller 330. In contrast to the 1lluminated micro-
cells 202 within the active SiPM 220, the reterence SiPM
322 may not receive any mcoming photons (if covered by
light shielding structures) or may only receive stray light.
Thus, reference S1PM 322 may sometimes be described as
having one or more “dark microcells.” The reference
(“dark™) S1PM 322 may be used to sense Vbr variations. Any
variation that 1s detected using reference SiPM 322 will n
turn direct voltage controller 330 to dynamically adjust bias
voltage Vbias, which i1s fed to the cathode terminals of each
SPAD device 202 via path 332 to compensate for changes 1n
Vbr across diflerent operating temperatures.

FIG. 8 1s a diagram of illustrative temperature and non-
unmiformity compensation circuitry 320. As shown in FIG. 8,
compensation circuitry 320 includes a constant current
source 324 configured to supply a constant current Ic, a
reference S1PM 322 configured to recerve the fixed current
Ic from constant current supply 324, and a voltage sensor
326 coupled 1n parallel with reference S1PM 322. Reference
S1PM may include one or more dark microcells 350, each of
which includes a SPAD connected 1n series with a quenching
resistor (as an example). Since reference dark S1PM 322 1s
formed on the same semiconductor substrate as the active
illuminated S1PM 220 (see FIG. 7), the reference S1PM 322
1s able to accurately track any process variation exhibited by
the active S1PM 220 without the need to perform any
additional calibration.

Voltage sensor 326 may, for example, be implemented
using a voltage divider circuit having resistors R1 and R2
connected 1n series. This 1s, however, merely illustrative. In
general, any suitable type of voltage sensor may be used.
The resistances of resistors R1 and R2 may be relatively
large compared to the resistance of reference SiPM 322. In
one suitable arrangement, R1 and R2 may be 9.5 mega-ohms
and 0.5 mega-ohms, respectively, totaling 10 M£2 1n com-
bined resistance. Configured 1n this way, most of the current
Ic generated by fixed current source 324 will tlow 1nto the
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reference S1PM 322 (e.g., at least 90% of Ic will flow 1nto
the dark microcell(s), at least 95% of Ic will flow 1nto the
dark microcell(s), at least at least 99% of Ic will flow 1nto the
dark microcell(s), at least 99.9% of Ic will flow 1nto the dark
microcell(s), 90-100% of Ic will flow 1nto the dark microcell
(s), etc.). In general, voltage sensor 326 may be provided
with any suitable impedance value such that more than 90%
ol the constant current Ic 1s diverted into the reference SiPM
322, as shown by arrow 323. To achieve this, voltage sensor
326 should exhibit a resistance that 1s at least ten times
greater than the resistance of the reference silicon photo-
multiplier, at least 100 times greater than the resistance of
the reference silicon photomultiplier, at least 1000 times
greater than the resistance of the reference silicon photo-
multiplier, 10-1000 times greater than the resistance of the
reference silicon photomultiplier, etc.

Voltage divider 326 may have an output on which a sensor
output voltage Vsense 1s provided. Voltage signal Vsense
may be fed to data converter 328 (e.g., an analog-to-digital
converter), which 1s configured to convert analog voltage
Vsense 1nto 1ts digital equivalent. The converted digital
signal at the output of converter 328 is then used to control
a digitally controlled voltage controller 330, which dynami-
cally adjusts bias voltage Vbias for reverse biasing each of
the SPADs 1n the active S1PM.

Applying a constant current Ic to the reference SiPM
cllectively configures the dark microcell(s) 350 as a tem-
perature dependent voltage source. In particular, the over-
bias voltage Vob across the dark microcell(s) 350 will also
be a function of the characteristic breakdown voltage Vbr of
the active S1IPM and 1ts operating temperature. Setting the
current flowing through the reference S1iPM at a constant
value enables a reproducible dependence on both tempera-
ture and Vbr, which in turn allows compensation circuitry
320 to generate a temperature and Vbr dependent voltage
Vsense at the output of voltage sensor 326. This voltage
Vsense 1s then converted by data converter 328, the result of
which will be used by voltage controller 330 to select a bias
voltage Vbias for the active S1PM that 1s a fixed value above
breakdown voltage Vbr regardless of the actual value of Vbr
and the ambient temperature.

The diagram of FIG. 7 1n which the active S1PM 220 and
the reference S1IPM 322 are shown as physically separated
structures on semiconductor substrate 310 1s merely 1llus-
trate and 1s not mtended to limit the scope of the present
embodiments. In practice, the amount of dark current expe-
rienced by different SPADs across the surface of a given
S1IPM may be non-umiform. In some instances, a small
number of microcells may exhibit excessively large dark
counts and may therefore sometimes be referred to as
“screamers.” In such screamer scenarios, implementing a
single reference microcell at the edge of the active S1iPM to
compensate for temperature and process variations can
result 1n poor correlation with the actual dark current of the
overall S1PM.

To solve this problem, semiconductor device 308 may
have dark microcells 350 (which are part of the reference
S1PM) that are distributed evenly among the illuminated
microcells 202 (which are part of the active S1iPM), as shown
in FIG. 9. A microlens 360 may be formed over each
illuminated microcell 202. Light guide structures 362 may
be formed between microlenses 360 and substrate 310 and
may be configured to direct incoming photons from each
microlens 360 to the corresponding i1lluminated microcell
202 below. Forming microlenses 360 1in which way enables
greater spacing of the microcells than would normally be
possible and also allows for minimization of microcell size,
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which can help optimize dark count rate, reduce pixel
crosstalk, and improve dynamic range.

A dark microcell 350 may be interposed in the substrate
310 between two adjacent i1lluminated microcells 202 and
may therefore sit below the point at which neighboring
microlenses 360 meet. Light focused by the microlenses 362
should not fall on the dark microcells 350. Dark microcells
350 need not be covered as they should not be i1lluminated
by any photons focused by the micro-lenses. Dark micro-
cells 350, however, may be activated when a stray photon 1s
incident on the S1PM surface. This 1s a usetul feature as 1t
allows compensation for changes 1n ambient light photons.
Forming SiPMs 1n this way where each 1lluminated micro-
cell 202 has a neighboring unilluminated microcell 350
enables device 308 to account for non-uniformities that
might be present across the surface of device 308 (e.g., the
distributed/interleaving microcell arrangement of FIG. 9 can
help average out any non-uniform dark noise or screamer
issues). It desired, dark microcells 350 may optionally be
covered by associated light blocking or shielding structures.

FIG. 10 1s a diagram showing how providing a fixed
current into a reference (dark) microcell can yield different
bias voltages at diflerent operating temperatures. FIG. 10
plots current (on a logarithmic scale) as a function of Vbias’,
which represents the reverse bias voltage across the cathode
and anode terminals of a SPAD in the reference S1PM (see
FIG. 8). Curve 400-1 represents the current profile as a
function of Vbias” at a first temperature; curve 400-2 rep-
resents the current profile as a function of Vbias” at a second
temperature that 1s greater than the first temperature; curve
400-3 represents the current profile as a function of Vbias’
at a third temperature that 1s greater than the second tem-
perature; and curve 400-4 represents the current profile as a
function of Vbias’ at a fourth temperature that 1s greater than
the third temperature.

If the current through the reference SPAD 1s fixed at 100
WA (as shown by the dotted horizontal line), then Vbias” may
vary depending on the operating temperature. Thus, assum-
ing Ic=100 uA, Vbias’ will be equal to V1 at the first
temperature, to V2 at the second temperature, to V3 at the
third temperature, and to V4 a the fourth temperature, where
V1<V2<V3<V4. In other words, the dark microcell acts like
a temperature dependent voltage source.

FIG. 11 1s a diagram showing how the cathode voltage of
a reference microcell 1s similar to the cathode voltage of an
active microcell at different temperatures when Ic 1s fixed at
100 vA. The data points marked using “x” represents
Vcathode measurements for the reference S1PM at different
temperatures, whereas the data points marked using “o”
represents Vcathode measurements for the active SiPM
across different temperatures. As shown by FIG. 11, the
performance of the reference S1PM track very well with the
performance of the active S1iPM over a wide range of
temperatures (e.g., the x’s substantially coincide with the
0’s).

FIG. 12 1s a diagram of an illustrative curve 500 that can
be used to program the way in which temperature and
non-uniformity compensation circuitry 320 of the type
described in connection with FIGS. 7 and 8 controls the
active S1IPM. The x-axis represents voltage Vsense gener-
ated at the output of the voltage sensor/detector, whereas the
y-axis represents the sum of Vbias and Vob, the total of
which should be applied as Vbias to the active SiIPM. As
described above, Vbr may be subject to change due to
process and temperature variations, but Vob should have a
constant value of 10 V (as an example). Curve 500 may
dictate how data converter 328 and digitally controlled
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voltage controller 330 outputs Vbias. In particular, curve
500 (which may be linear or non-linear) may be encoded as
a pre-calibrated lookup table that configures how Vbias
should be adjusted depending on the digital signal 1t receives
from data converter 328.

FIG. 13 1s a diagram 1llustrating how cathode voltage for
different devices all lie along the same curve regardless of
the value of Vbr. In particular, FIG. 13 plots breakdown
voltage Vbr as a function of the cathode terminal voltage,
assuming Ic 1s again fixed at 100 pA. As shown i FIG. 13,
the various data points along curve 502 represent measure-
ments obtained from different semiconductor devices 308.
All of the data points lie along the same curve 502 regardless
of the value of Vbr. This illustrates how uniformity across
different devices may be achieved using the compensation
circuitry 320 described herein.

The foregoing 1s merely 1llustrative of the principles of
this mvention and various modifications can be made by
those skilled 1n the art. The foregoing embodiments may be
implemented individually or 1n any combination.

What 1s claimed 1s:

1. A semiconductor device, comprising;:

a substrate;

an active silicon photomultiplier having a plurality of
illuminated microcells formed 1n the substrate, wherein
the plurality of illuminated microcells exhibit a break-
down voltage;

a reference silicon photomultiplier having a plurality of
reference microcells formed in the substrate, wherein
the reference silicon photomultiplier 1s used to com-
pensate for process and temperature variations in the
breakdown voltage; and

a current source configured to supply a constant current to
the reference silicon photomultiplier.

2. The semiconductor device of claim 1, wherein the
plurality of reference microcells are distributed among the
plurality of illuminated microcells.

3. The semiconductor device of claam 1, wherein each
reference microcell 1n the plurality of reference microcells 1s
physically interposed between at least two adjacent 1llumi-
nated microcells 1n the plurality of illuminated microcells.

4. The semiconductor device of claim 1, further compris-
ing a plurality of microlenses each of which 1s aligned to a
corresponding one of the plurality of 1lluminated microcells.

5. The semiconductor device of claim 1, wherein the
plurality of reference microcells are configured to receive
only stray photons.

6. The semiconductor device of claim 1, further compris-
ing a voltage sensor coupled 1n parallel with the reference
silicon photomultiplier.

7. The semiconductor device of claim 6, wherein the
voltage sensor comprises a voltage divider circuit.

8. The semiconductor device of claim 6, wherein the
voltage sensor exhibits a resistance that 1s at least ten times
greater than the resistance of the reference silicon photo-
multiplier.
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9. The semiconductor device of claim 6, further compris-
ing a data converter configured to receive a voltage output
from the voltage sensor.

10. The semiconductor device of claim 9, wherein the data
converter comprises an analog-to-digital data converter cir-
cuit.

11. The semiconductor device of claim 9, further com-
prising a voltage controller configured to receive signals
form the data converter and to generate a bias voltage that
1s applied to the active silicon photomultiplier.

12. A method of operating a semiconductor device having
a substrate, the method comprising;:

with a plurality of active microcells formed 1n the sub-

strate, recerving incident photons;

with a plurality of dark microcells formed in the substrate,

outputting a bias voltage that 1s dependent on operating
temperature;

using a voltage detector to sense the bias voltage output

from the plurality of dark microcells;
using an analog-to-digital data converter to receive a

voltage signal from the voltage detector and to output
a corresponding digital signal; and

using the digital signal output from the analog-to-digital
data converter to account for non-uniformities 1n dark
current noise across the surface of the substrate and to
compensate for process variations.

13. The method of claim 12, wherein the plurality of
active microcells and the plurality of dark microcells are
implemented using single-photon avalanche diodes.

14. The method of claim 13, further comprising using the
plurality of dark microcells as a temperature dependent
voltage source.

15. The method of claim 13, further comprising supplying
a constant current into the plurality of dark microcells.

16. The method of claim 15, further comprising:

and

with a voltage controller, receiving the digital signal and

providing a dynamically adjustable voltage to the plu-
rality of active microcells, wherein the dynamically
adjustable voltage 1s adjusted as a function of the
voltage sensed by the voltage detector.

17. An 1imaging device, comprising;:

an active silicon photomultiplier; and

a reference silicon photomultiplier; and

a voltage sensor coupled in parallel with the reference

silicon photomultiplier, wherein the reference silicon
photomultiplier and the voltage sensor are used to
obtain a compensation value.

18. The imaging device of claim 17, wherein the active
silicon photomultiplier comprises a first plurality of single-
photon avalanche diodes, and wherein the reference silicon
photomultiplier comprises a second plurality of single-
photon avalanche diodes interspersed among the first plu-
rality of single-photon avalanche diodes.

19. The imaging device of claim 18, wherein the reference
s1licon photomultiplier 1s configured as a temperature depen-
dent voltage source.
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